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Abstract
The use of pool boiling for heat transfer cooling has been widely researched and
implemented. A number of different modes of enhancement currently exist that improve the heat
transfer properties of a boiling surface. Electrochemical deposition is a simple method to enhance
a surface’s heat transfer properties with relative ease. It also provides the ability to deposit coatings
onto a substrate that may be of different composition and morphology. Graphite and graphite
derivatives have been widely studied for enhancing boiling performance when applied to the
boiling surface. Continuing in this vein, this study sought to develop a simple electrochemical
deposition process for depositing graphite/graphene composites onto a copper (Cu) substrate.
Copper chips were machined in-house and used as the working electrode in the electrochemical
deposition, and a graphite block was used as the counter electrode. Electrochemical bath solutions
included pure distilled water (H2O) or 10% by vol. of ethanol (CH3CH2OH). Other parameters
were also studied, which included current density (50 mA/cm2, 100 mA/cm2, 300 mA/cm2, and
600 mA/cm2) and deposition time (45 minutes, 1.5 hours, and 3 hours). Combination of different
electrochemical bath solutions, current densities, and deposition times were investigated. Scanning
Electron Microscope (SEM) images, Raman spectra, and contact angle measurements were
collected to help characterize the enhanced surfaces. The enhanced surfaces were subjected to pool
boiling under atmospheric conditions and used distilled water as a working fluid. Chips were
mounted into the pool boiling experimental set-up and were heated at 5 V increments until critical
heat flux (CHF) was reached. The temperature at three points along the heated surface was
recorded as well as the power input. Heat flux (q″), heat transfer coefficient (h), wall superheat
(ΔTsat), and CHF enhancement were calculated. Chip11 had the highest CHF value, 269.10 W/cm2,
at a ΔTsat of approximately 23 °C, corresponding to a CHF enhancement of 1.96 over a plain
surface. The largest h enhancement factor was recorded with Chip10, 2.95. Chips that were
exposed to ethanol during the electrochemical deposition in general performed better under pool
boiling conditions. Furthermore, results also showed that the exposure of the graphite electrode to
a solvent was critical to achieving these enhancements. However, distilled water did produce some
CHF values and h enhancement factors. Considering the lack of surface morphology changes,
common in other enhancement techniques, the potential for additional improvements to heat
transfer applications warrants further investigation.
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1. Introduction
In the past century we have grown increasingly accustomed to power technologies. They
have been continually pushed to their limits to meet our constantly growing societal and industrial
demands. In response to this constant need for improvement, a lot of attention has been focused
on increasing these technologies power, speed, and capacity. However, these improvements come
at the cost of increased heat generation, creating a rising demand for more affordable and efficient
heat dissipating techniques. In order to keep pace with these societal and industrial expectations,
improved heat dissipating methods capable of maintaining current and future high heat generating
technology at safe operating conditions must be developed.
High heat dissipating technologies that are affordable and efficient have the potential to
impact a wide range of industries, including; aerospace, automobile, cryogenics, air conditioning
and refrigeration, and electronics cooling. Given this broad range of applications, research into
cooling mechanisms is vital for innovative growth. Boiling heat transfer has the potential to be the
next generation cooling method. For this reason, focusing research on this subject is crucial.
1.1. Convective Cooling
Heat transfer can be achieved by different modes; conduction, convection and radiation.
The current research focuses on a convective mode of heat transfer. Cooling is a convective heat
transfer mode by which heat is transferred from a heated surface into a contacting moving fluid.
The motion of the fluid can occur from intrinsic sources, buoyancy forces, as well as extrinsic
sources such as fans or pumps. Buoyancy forces result from pressure gradients created by the
temperature differential along the boundary layer. This phenomenon is known as free convection
cooling. When extrinsic sources are used to induce fluid motion it is called force convection. The
fluid can dissipate the energy from the heated surface with or without a phase change occurring.
This fluid is referred to as the working fluid. Figure 1 shows a diagram comparing force and free
convective heat transfer.
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(a)

(b)
)

Figure 1: Diagram of (a) force convection and (b) free convection heat transfer.
1.1.1. Single Phase
Single phase cooling involves a working fluid in either gas or liquid form, but with no
physical change (phase change) occurring. Traditionally, air has been the most used and cost
effective fluid for single phase heat dissipation purposes. Its obvious abundance, coupled with ease
of system integration, has made air a key cooling fluid throughout history. Most gas heat
dissipating systems are force convective systems, since gas free convective systems can only
achieve heat transfer coefficients of approximately 25 W/m2K, as compared to 250 W/m2K for gas
force convective systems [1].
Air flow has been proven effective, simple, and cheap in dissipating low heat fluxes.
Unfortunately, current technologies have begun to generate larger amounts of heat, driving
research toward the use of liquid single phase cooling. Liquid cooling can achieve heat transfer
coefficients of up to 1,000 W/m2K during free convection and up to 20,000 W/m2K during forced
convection [1]. The performance of single phase force convective systems is characterized by the
dissipated heat flux (q″), heat transfer coefficient (h), surface temperature (Ts), and the fluid
temperature rise from inlet to outlet.
Early studies of liquid cooling displayed its ability to dissipate large amounts of q″. A study
by Tuckerman and Pease [2] in 1981 obtained a q″ of 790 W/cm2, with a temperature rise between
inlet and outlet of 71 °C using a microchannel design. Later, Knight et al. [3] obtained a maximum
q″ of 650 W/cm2. Peles et al. [4] recorded a maximum q″ dissipation of 350 W/cm2 with a
2

temperature rise of 30.7 °C using pin fins. A study conducted by Colgan et al. [5] used off-set fins
to dissipate up to 500 W/cm2.
1.1.2. Two Phase
During a two-phase heat dissipation process, the fluid’s initial state changes from a liquid
to gas state after sufficient thermal energy is input. This phase change process is known as boiling.
Boiling heat transfer is a very effective cooling method due to the large amount of energy that the
fluid absorbs in order for the phase change to occur, also known as latent heat or heat of
vaporization (hfg). Boiling can achieve heat transfer coefficients of up to 100,000 W/m2K [1]
Similar to single phase convective cooling, boiling is characterized by the total amount of
heat that is removed, or heat flux (q″), and the temperature difference between the fluid and the
heated surface known as wall superheat (ΔTsat). The relationship between q″ and ΔTsat is quantified
by the heat transfer coefficient (h), which represents how effective heat is being transferred
between a surface and fluid. Figure 2 shows a boiling surface.

Figure 2: Two phase free convection or pool boiling heat transfer surface.
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1.1.3. Boiling Curve
The boiling process occurs in four different phases; free convection, nucleate, transition,
and film boiling. These four phases were first defined by Nukiyama [6] in 1934. He studied the
boiling phenomena by immersing different metal wires, such as nichrome, nickel, iron, and
platinum in a distilled water bath. The bath was heated to saturation temperature and current was
applied to the immersed wire. He measured the current and potential across the wire, and used
these values to calculate the circuit’s resistance, which was then used to predict the wire’s surface
temperature. As a result of this study he developed what is known as the boiling curve (Fig. 3).

Figure 3: Boiling curve for water at 1 atm, recreated from Fundamental of Heat and Mass Transfer
[1].
During free convection boiling, an increase in q″ results in a linear increase of ΔTsat, at this
point no boiling is present. Once enough thermal energy is input to the surface bubble formation
begins, resulting in the onset of nucleate boiling (ONB). A critical parameter that affects ONB is
cavity size. The initial bubble formation facilitates additional bubble growth causing the
4

relationship between q″ and ΔTsat to no longer be linear. If energy input continually increases,
bubble formation increases in frequency and bubble diameter decreases. Once bubble frequency
has saturated the surface, bubble coalescence forming a single bubble, creating a vapor blanket
over the surface. This vapor blanket inhibits heat transfer. At this point the maximum amount of
energy that can be dissipated via boiling is reached. This point is known as critical q″, or CHF.
Once CHF is reached, ΔTsat “jumps” to much larger value. The boiling process has now moved to
the transition phase. If energy input continues, then the boiling process will proceed to the film
boiling phase. This vapor layer inhibits heat transfer, causing the temperature of the surface to
rapidly rise to unsafe operating conditions, leading to a system breakdown. However, this study is
concerned specifically with the nucleate boiling phase and will terminate experimentation before
exceeding CHF.
1.1.4. Bubble Evolution Cycle
Understanding the bubble evolution cycle can help us explain the various mechanisms of
the boiling process. This cycle can be divided into four periods; nucleating, growing, departing,
and waiting. In order for the waiting period to begin, certain parameters must be met. These include
the presence of small cavities with saturated stagnated gas, gas embryo, on the heated surface, the
working fluid heated to saturation temperature, and a continuous heat source being applied to the
surface. The nucleating period is when the gas embryo pressure forces initially overcome the
surface tension forces, and the growing period begins. The growing period is when the bubble
grows until buoyancy forces, due to gas pressure inside the bubble, finally exceeds surface tension
forces causing the bubble to depart. The waiting period is the time it takes a bubble to begin
nucleating after the previous bubble has departed. Figure 4 shows a diagram of the bubble
evolution cycle.
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Figure 4: Bubble evolution cycle diagram.
1.1.5. Boiling Parameters
Boiling enhancement can be achieved through active and passive methods. Active methods
require the input of external power to the boiling system and include vibration systems,
electrostatic fields, and mechanical aids such as fans and pumps (force convection). In contrast,
passive methods do not require any external input of power and instead rely upon changes to the
heated surface or working fluid.
Surface area, surface characteristics, and surface material, as well as system operating
conditions, influence the boiling process. The key to engineering more affordable and efficient
heat dissipation systems lies in enhancing the h and CHF through the manipulation of these
parameters. The enhancement of the h allows for systems capable of dissipating larger amounts of
heat while maintaining surface temperatures at safe ranges. CHF enhancement can increase the
maximum amount of energy that can be removed from a system, improving failure conditions for
cooling applications. This will enable continued growth of power technologies.
Working fluid modifications have included studies of different fluids such as water,
alcohols, fluorocarbons (FCs), refrigerants, and nanofluids. Even though water has very good
thermal properties it is limited to a high saturation temperature as compared to other studied fluids.
It also includes boiling under different fluid temperature conditions such as saturation or
subcooled. These modifications serve to alter fluid properties, such as boiling temperature, thermal
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conductivity (k), surface tension (σ), specific volume (ν), latent heat, and specific heat (cp), which
drive the boiling mechanisms.
System operating condition enhancements include boiling under free and forced convective
environments, as well as different system pressures. Free convection boiling, or pool boiling,
systems do not have pressure variations since there is not a driven flow present. They can also be
easier to implement because fans or pumps are not necessary. On the other hand, forced convective
boiling, or flow boiling, systems benefit from a continued replenishment of fluid over the heated
surface. They do suffer from pressure drop instabilities along the heated surface due to the nature
of their driven flow. Another way to lower saturation temperature of the fluid has been to alter the
systems pressure.
1.2. Surface Enhancements
Surface enhancements include area or geometrical modifications, roughness modifications,
and material modifications. Area or geometrical modifications include mini- or micro-structures.
More specifically, these structures consist of machined channels with reentrant cavities, channels
(mini- and micro-), and fins. These modifications increase surface area without increasing the
footprint. This is especially important for current power technologies that aim to maintain smaller
footprints. This increase in surface area allows for larger heat dissipation while maintaining lower
surface temperatures.
Nano- and porous structure implementation on a heated surface have the ability to alter the
surface energy, resulting in a change in the wettability of the surface. This wettability change can
also be implemented by fluid or surface material changes. Also, nano- and porous structures
modify nucleation site size and density. Nucleation sites are small cavities on the surface that
contain the gas embryo trapped within, due to the surface tension of the fluid. They are necessary
for the boiling process to occur, since this is where the boiling bubble lifecycle takes place. The
diameter of these cavities influence the amount of input q″ needed for ONB. Once ONB has been
activated, the range of active nucleation diameters increases to include both smaller and larger
diameters.
Nanotubes, nanochannels, and nanoparticles are employed to create these nano- and porous
structures. For being effective in boiling applications, these structures must be insoluble in the
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working fluid and physically stable to prevent detachment due to the large temperatures from the
heated surface. It is also necessary that these nano- and porous structures have a high thermal
conductivity to reduce the thermal resistance. Due to the high thermal conductivity of carbon based
materials such as graphene and carbon nanotubes (CNTs), these materials have sparked
considerable interest for boiling applications.
1.2.1. Carbon Materials
Carbon nanofluids were initially investigated for boiling purposes due to their ability to
triple or quadruple the thermal conductivity of their base fluid [7]. A carbon nanofluid is a fluid
with suspended CNTs that are homogenously distributed throughout the fluid. It was found that
after boiling the carbon nanomaterials present in the fluid were coated onto the surface. This
phenomenon lead the researchers to hypothesize that the boiling enhancement observed was a
result of the nanoparticle coating onto the surface, and the presence of the nanoparticles in the
fluid. This prompted further investigations into the growth of CNT on boiling surfaces, exhibiting
thermal conductivity values of up to 6600 W/m K at room temperature [8]. CNTs are a sheet of
carbon in a hexagonal lattice structure (graphite) rolled into a cylinder [9]. They can be single or
multi-walled tubes.
With the successful synthesis of graphene in 2004 by Novoselov et al. [10], a new direction
of research for boiling enhancement began due to the very high thermal conductivity of this
material (5300 W/mK) [11]. Graphene is a single layer of sp2 bonded carbon atoms [12] which
create a lattice structure.
1.3. Electrochemistry
Electrochemistry studies the relationship between electrical currents and chemical
reactions. The systems where these reactions take place are called electrochemical cells.
Electrochemical cells consist of two main components; the electrode and the electrolyte. Cells
need a minimum of two electrodes (working and counter), with three electrode cells including
reference electrode. The electrodes, as the name suggests, allows for the flow of electrons or
charge. The electrolyte is the medium that allows for the transportation of a charge between the
electrodes due to ionic movement. An electrolyte can be either solid or liquid form.
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1.3.1. Electrodeposition/Electroplating
Electrodeposition is the process of forming a coating on a base material using
electrochemical reduction. The working electrode is where the desired coating is formed and the
counter electrode is the source material for the coating. These electrodes are connected to a power
source, which will supply the necessary current and potential. Current passes through the counter
electrode, stripping atomic particles from it surface. These particles travel through the electrolyte
and are deposited onto the working electrode. The reference electrode is used to measure the
potential of the working electrode. Current density represents the rate of a deposition process. It
also affects the uniformity of the deposited coating, and therefore to achieve the desired uniformity
a current driven electroplating process is preferred.
Electroplating is used in a number of industries and applications ranging from metallurgy
and engineering industries down to micro/nanotechnologies. Some examples include gold or gold
alloy deposition on electric contacts, high purity metal production, and copper deposition on
electrical interconnects. This coating technique can be used to create porous structures on boiling
surfaces.
2. Objectives
The purpose of this work will be to explore the use of electrodeposition using a graphite
electrode as a counter electrode to create a high heat transfer coating onto the copper (Cu) working
electrode. The heat transfer performance of the coated Cu surface will be investigated under pool
boiling conditions. The CHF, h, and surface temperature will be measured to characterize the
boiling performance. Surface angle measurements, laser microscope imaging, and Scanning
Electron Microscope (SEM) imaging will be utilized to characterize the surface and determine the
uniformity of the deposition.
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3. Literature Review
It is believed that the first systematic boiling experiment was conducted in 1756 by Johann
Leidenfrost [13] to determine if his wine had been watered down. He observed the changes in the
boiling process as more or less water was added to the wine. This experimental observation
resulted in the understanding of what we now know as the Leidenfrost point, which is the insulated
vapor layer that forms between a heated surface and the fluid, reducing the heat transport
mechanism.
3.1. Boiling Enhancement
In 1981, Tuckerman and Pease [2] found that h was inversely proportional to channel
width, making smaller channels desirable for high heat transfer performance. They conducted a
parametric study and found that high aspect ratio channels help increase h. They were able to
dissipate a q″ up to 790 W/cm2 with a temperature rise of 71 °C between inlet and outlet. This was
a force convective system. Keep in mind that this study was conducted for single phase cooling,
and this microchannel concept began to expand to two phase cooling or boiling, for both types of
boiling pool and flow.
A number of studies have conducted investigations of microscale modifications to the
heated surface. Microscale pins and fins have been studied and provided improved boiling
performance. Mudawar and Anderson [14] used a pin fin design to enhance the heated surface and
a working fluid of FC-72, reaching a CHF of 105.4 W/cm2 at saturation and 159.3 W/cm2 at
subcooled conditions (35 °C). A study by Hübner and Künstler [15] analyzed the heat transfer
enhancement of three different designs of fins; trapezoidal, T-shaped, and Y-shaped. In addition
to the fin design, the authors also increased the surface roughness of the pins. Surface roughness
was found to increase the bubble formation for trapezoidal fins while T- and Y- shaped fins
increased the h. Mitrovic and Hartmann [16] also used micropins or fins to enhance the boiling
surface and reported improved heat fluxes. Wei and Honda [17] conducted a parametric study to
examine the effect of square microfin pins on pool boiling of degased and gas-dissolve FC-72.
Micropin fins were fabricated on a 10 mm × 10 mm square silicon chip. They conducted the
experiment under subcooled and atmospheric conditions. Their results showed an increase in both
CHF and heat transfer in the nucleate boiling regimen.
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Enhancement of the heated surface by increasing the roughness was investigated by Luke
[18], [19], who found that large cavities enhance bubble nucleation. Microchannels increase the
surface area of the heated surface, allowing additional heat to be removed during boiling. Cooke
and Kandlikar [20] used a silicon chip with microchannels and a working fluid of distilled water
and achieved a h of 72.3 KW/ m2 K. Cooke and Kandlikar [21] also obtained high heat fluxes using
microchannels machined on a copper surface.
As the previous studies indicate, channels, holes or roughness of a heated surface can
enhance heat transfer. A number of studies of porous media for dissipating heat have been
conducted [22]–[25]. These studies have also indicated that porous surfaces dissipate higher heat
fluxes at lower wall temperatures. An example of a porous type of surface or media is copper foam.
Yang et al. [25] studied the boiling process using copper foam and found that the thickness of the
foam impacted heat transfer. If the foam was too dense then the vapor would inhibit heat transfer,
while foam without high enough pore density had higher wall temperatures. This and other studies
show that the thickness of the foam, pore density and material all must be considered for optimum
heat transfer.
In addition to surface enhancements such as pins, fins, or channels, the use of micro or
nanoparticle coatings or structures to improve heat transfer have been investigated. A number of
different materials can be used for microparticle coatings. Chang and You [22] applied porous
epoxied materials of aluminum, copper, diamond, and silver, which was found to increase the q″
for specified wall superheats. The authors saw CHF values increase approximately 100% as a
result of microporous coatings, due to the increased number of active nucleation sites. Kim et al.
[26] also reported CHF and boiling heat transfer improvements using microparticle coatings on
wire. Hwang and Kaviany [27] reported an increase in CHF of 96% using a uniform microparticle
coating on a heated surface under pool boiling conditions. In 2014, Dong et al. [28] studied the
effect of micro/nanostructures on bubble nucleation, departure characteristic, and h on pool boiling
of ethanol. They found that at low heat fluxes, microstructures enhance bubble nucleation,
resulting in a reduction of the ΔTsat and an increase in q″. They also found that nanostructures
decreased bubble departure diameter and increased departure frequency. This delays bubble
emergence and prevents vapor film from spreading, increasing CHF value.
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It should be noted that the addition of micro or nano particle coatings can change or
enhance the hydrophobic or hydrophilic properties of a surface. This can significantly impact
bubble nucleation behavior and therefore CHF. Takata et al. [29] created a superhydrophilic
surface of TiO2, with a contact angle of 0°. This surface exhibited a CHF of 200 W/cm2, due to the
interaction of the hydrophobic surfaces promoting bubble nucleation and the hydrophilic surfaces
increase CHF due to the affinity for liquid. Betz et al. [30] conducted a similar analysis of
hydrophobic (Teflon) and hydrophilic (silicon oxide) surface influence on boiling behavior. The
authors reached a maximum CHF of roughly 180 W/cm2 with a h of 85 kW/m2 K.
Similar to the enhancements seen with microscale modifications, nanoscale modifications
have shown pool boiling enhancement. Nanoparticle modifications can increase porosity and
surface roughness while providing very thin coatings, thereby reducing thermal resistance and
stress. In 2006 Ahn et al. [31] experimentally studied the effect of vertically aligned multiwalled
carbon nanotube (MWCNT) height on nucleate and film pool boiling regime. They employed a
chemical vapor deposition (CVD) process to apply the MWCNTs to the silicon substrate. PF-5060
was used as the working fluid. They compared the enhanced surface performance against the
results of a controlled smooth surface. They found that for the nucleate boiling regime, nanotube
height showed little sensitivity in enhancing CHF performance, with enhancement of 25% and
28% for 9 and 25 µm heights, respectively. On the contrary, they also found the taller nanotubes
show significant enhancement, about 57%, compared to the shorter nanotubes, which show no
significant change.
In 2010 Young et al. [32] studied the nucleate pool boiling of nanoporous surfaces with
water as the working fluid. They found that at low heat fluxes the ΔTsat was lower for nanoporous
structures than for non-coated surfaces. They also observed an increase in the h at low heat fluxes
for nanoporous surfaces, even after long operating time. Forrest et al. [33] studied CHF and h
enhancement using nanoparticle thin-film coatings. They classified their coatings into three
categories, hydrophilic, superhydrophilic, and hydrophobic. They used a layer-by-layer deposition
method. They concluded that the chemical make-up and surface morphology greatly affected
boiling heat transfer. They found increased h with reduced wettability (hydrophobic surface), the
hydrophobic surface increased the h about 100%. They also observed the highest CHF
enhancement for the superhydrophilic surface. Singh et al. [34] studied the effect of MWCNT on
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flow boiling. They used distilled water as their working fluid. They found that the MWCNT
enhanced q″ at low heat fluxes. But as flow rate and subcooling were increased, the enhancement
became less noticeable.
Patil et al. [35] employed a two-step electrodeposition process to deposit Cu nanoparticles
onto a Cu substrate. The coating thicknesses ranged from 50-100 μm and various morphologies
were analyzed. The authors were able to achieve a maximum q″ of 1400 KW/m2 with a h of 179
KW/m2°C. A study by Patil and Kandlikar [36] used similar deposition techniques, as described
in [35], to deposit Cu nanoparticles onto the microchannel fin top of a Cu substrate. They achieved
a maximum CHF of 3259 KW/m2, with a ΔTsat of 7.3 °C.
Yao et al. [37] study the effect of silicon nanowires on pool boiling of water. They etched
silicon nanowires (SiNW) onto the surface of a silicon microchannel chip. They found that the
combination of micro/nanostructures resulted in a large enhancement in heat transfer performance
under moderate q″ values. They concluded that this is the result of the superhydrophilicity that
results from the nanowire deposition.
The use of nanoparticles in the working fluid has also garnered attention as a boiling
enhancement. Early studies by Choi and Eastman [38] suspended copper nanoparticles in a fluid
and found improved thermal properties. Additional studies have been conducted that involve the
addition of nanoparticles to the working fluid and have reported higher thermal conductivity [38]–
[40] and increased CHF of up to 200% [41]. Lee and Mudawar [42] suspended alumina (Al2O3)
nanoparticles in a water base fluid and found that during single phase laminar flow there was
enhancement of the h. However, during the two phase regime the nanoparticles clumped in the
microchannels, causing potential temperature hot spots. It should be noted that the addition of
nanoparticles to the working fluid can change the viscosity, density and specific heat of said fluid,
which would affect heat transfer. Table 1 lists a number of pool boiling studies previously
conducted with different enhancement technique.
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Table 1: List of relevant pool boiling studies.

Year

Author

Type of
Boiling

1993

Mudawar
and
Anderson

Pool
Boiling

2002

Kim et al.

2005 Takata et al.
2005

El-Genk and
Parker

2006

Ahn et al.

2010

Betz et al.

2010 Young et al.
2010 Forrest et al.
2011
2012

Cooke and
Kandlikar
Cooke and
Kandlikar

Pool
Boiling
Pool
Boiling
Pool
Boiling

Enhancement

Working
Fluid

Pin fins

FC-72

Particle Coating

FC-72

Particle Coating

Water

Porous Graphite HFE-7100

Substrate

q'' max
(W/cm2)

h max
(KW/m2K)

Copper

159.13
(subcoole
d)

Not
Provided

40

31

200

Not
Provided

Graphite

66

29

Platinum
Wire
Copper &
Glass

Pool
Boiling
Pool
Boiling
Pool
Boiling

MWCNT

PF-5060

Silicon

~4.35

~0.621

Particle Coating

Water

Silicon

190

85

Particle Coating

Water

84

9.1

Pool
Boiling

Particle Coating

Water

175

169

Microchannels

Water

Silicon

140

72

Aluminum
Alloy
Ni wire and
Stainless
Steel

Pool
Boiling
Pool
Boiling
Pool
Boiling
Pool
Boiling
Pool
Boiling

Microchannels

Water

Copper

244

269

Particle Coating

Acetone

Copper

175

28

SWCNT

Water

Silicon

194

69

Porous surface

Water

Copper

140

179

2013

Ji et al.

2013

Yao et al.

2014

Patil et al.

2014

Patil and
Kandlikar

Pool
Boiling

Porous Open
Microchannel
Fin Tops

Water

Copper

325

433

2015

Ahn et al.

Pool
Boiling

RGO on heater

Water

Nichrome

135

27
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3.2. Carbon Derivatives
A study by El-Genk and Parker [43] explored the pool boiling performance of porous
graphite in a HFE-7100 dielectric liquid. The author used a porous graphite surface that was 10 ×
10 mm and 3.0 mm thick. The graphite test surface had a volume porosity of 60% of which 95%
were interconnected. A plain copper (Cu) surface was also tested under the same conditions in
order to compare results of the pool boiling performance, and had dimensions of 10 × 10 mm and
1.6 mm thick. The surfaces were heated using a Nichrome wire heating element and mounted to a
Teflon® block using epoxy. Two horizontal holes were drilled into the side of the test surfaces to
accommodate the insertion of K-type thermocouples. Novec HFE-7100 dielectric liquid was used
as the working fluid and saturation temperature of 0 K, 10 K, 20 K, and 30 K were tested. El-Genk
and Parker found that the porous graphite resulted in higher CHF values and lower superheats than
of plain copper. A maximum CHF of 66.4 W/cm2, with a superheat of 22.8 K, was recorded for
the porous graphite at subcooling of 30 K. Similar conditions resulted in a CHF of 41.5 W/cm2
and superheat of 26.7 K for the copper surface. Porous graphite pool boiling resulted in a 19%
increase in the h over the copper surface.
Ji et al. [44] conducted a study that investigated the used of uniform, 2-D and 3-D porous
coatings under pool boiling conditions using acetone as a working fluid. Five surface types were
tested; plain copper surface, microchannels, uniform coating, a 2-D coating that involved 3
different variations of the coating being formed into channels, and 3-D coating stack. Three pool
liquid temperatures were tested, 38 °C, 48 °C, and 55 °C. Results indicated that the difference in
heat transfer performance between the narrowest width 2-D coating channel and the 3-D coating
stake was very small. However, the 3-D coating stack did result in higher CHF values. The highest
CHF value reached was using the 3-D coating stack, 174.69 W/cm2 or 3.7 times greater than the
plain surface, with a pool liquid temperature of 38 °C. The same coating resulted in a heat transfer
coefficient of approximately 28 KW/m2K. A study by Ahn et al. [45] adhered reduced graphene
oxide (RGO) onto a silicon heater using compression and tested the pool boiling performance. The
boiling heat transfer and CFH improved by 42% and 60%, respectively, over the unaltered heater
boiling performance.
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An emerging material that has gained a considerable amount of attention since its
development in 2004 by Novoselov et al. [10] is graphene, which was produced using
micromechanical cleavage of graphite. Graphene is a single layer of sp2 bonded carbon atoms [12],
and has been shown to exhibit very high thermal conductivity (5300 W/mK) [11], as well as other
unique magnetic, electric, and mechanical properties [12].

Graphene has been synthesized

through the use of a number of different techniques. One technique is mechanical exfoliation,
which involves physically separating layers of graphite to form graphene [10], [46]. Novoselov et
al. [10] used scotch tape to peel graphene flakes from graphite and deposited them onto SiO2/Si
substrates.
Another method is chemical exfoliation, which involves increasing of interlayer space
between graphene layers then using rapid heating or sonication to exfoliate the graphene. In order
to increase the interlayer space, solvents such as nickel phthalocyanine (Ni-Pc) [47], N-methylpyrrolione (NMP) [48], dimethylformamide (DMF) [48], and dimethyl formamide (DMF) [49]
have been successfully utilized for chemical exfoliation. Next, sonication [47], [48] or the
application of acids to dissolve byproduct material [49] is used to create the final graphene product.
Simply described, chemical vapor deposition (CVD) involves a substrate being exposed to
a vapor of precursors that react with each other to produce the target material deposition. A
growing number of studies have used this technique to successfully deposit graphene onto copper
(Cu) [50]–[53]. Guermoune et al. [50] explored the use of 3 different alcohols; methanol, ethanol,
and 1-propanol, for CVD of graphene onto a Cu foil substrate. The authors first immerse the Cu
foil in separate baths of 1M acetic acid, acetone, and 2-propanol. The foil was loaded into a tube
furnace, heated to 850 °C, exposed to the test alcohol for 5 min, rapidly cooled to room
temperature, and finally immersed in an etching bath. Raman spectra and SEM was then conducted
on the Cu foil samples and compared to that of methane gas. The results indicated that the growth
of large, uniform graphene layers onto Cu using alcohols is possible and of approximately equal
quality to that of methane. This is significant considering that alcohols are an oxygen rich source
while methane is a carbon rich, which has implications for manufacturing. A different study
conducted by Faggio et al. [54] also found that CVD onto Cu substrates using ethanol produced
comparable graphene layers to that of methane.
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Arc discharge is a deposition process that involves the use of an electric arc to vaporize a
material. The vaporized material can be condensed onto a desired substrate or collected from
within the vaporizing apparatus. This process has been successfully used to produce graphene
sheets [55]–[57]. Wu, Dong, and Guan [55] produced graphene sheets using an arc discharge
between two graphite rods in the presence of helium at different atmosphere pressures and current
values. The authors were able to produced monolayer, bilayer, and few-layer graphene sheets.
Shen et al. [57] tested a number of different buffer gases including; He, N2, air, H2, H2/He, H2/N2,
H2/N2/He. The authors used different imaging techniques to analyze the graphene, including
Raman and SEM.
Electrodeposition is the process of using colloidal particles suspended in a liquid solution
and an electrical current to deposit the particles onto a desired electrode. Studies have successfully
used this process to deposit graphene composites of different types onto graphite [58], and titanium
(Ti) [59].
Due to graphene’s unique thermal properties, a number of studies have explored it’s
influence on CHF during pool boiling [60]–[63]. Park et al. [61] used sprayed-deposited graphene
or carbon nanotubes on zirconium substrates to conduct pool-boiling CFH evaluations. Contact
angle measurements and SEM images were obtained. The authors found that as the contact angle
decreased CHF increased inversely.
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4. Experimental Setup
For the purpose of this study, a two part experimental investigation was conducted. The
first part was an electrochemical process, which explored the use of electrochemistry to enhance
boiling surfaces. The second part studied the pool boiling performance of the surfaces exposed to
the electrochemical process. A copper (Cu) chip was used as the working electrode for the
electrochemical process, creating the enhanced surface for pool boiling tests, providing the link
between the two separate parts of this study. The following section will detail the experimental
setups used.
4.1. Copper Chip
All tested chips were made from a Cu 101 alloy. The chips were manufactured in-house
using a Tormach PCNC 770 CNC Mill, with both bottom and top surfaces ground for a flat finish.
The chip geometry consisted of a 10 mm × 10 mm × 8.5 mm base, with a 17 mm × 17 mm × 0.5
mm top plate, Figure 5. The 10 mm × 10 mm working area was located on the top surface of the
plate. Three holes were drilled to a depth of 5 mm into one of the base sides in a vertical alignment
and equidistant from each other. The base of the chip was designed to force a 1-D conduction of
heat over a 1 cm2 area. The top plate thickness was minimum thickness required before machining
forces will bend the Cu, while the width and length were used to achieve sealing.

Figure 5: Pool boiling chip diagram (not to scale).
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4.2. Electrochemistry Setup
The electrochemical cell consisted of three electrodes (working, counter, and reference)
and an electrochemical bath. The copper test chips were used as the working electrode with the
reaction taking placed on the top 10 mm × 10 mm working area. A custom Polytetrafluoroethylene
(PTFE) holder was designed to insulate the Cu chip (working electrode), with the exception of the
top surface, from the electrochemical reaction. A graphite plate was used as the counter electrode
and four through holes were machined at each corner. The holder had four through holes located
at each corner, which align with the graphite plate holes to secure both electrodes using nylon
bolts. A 3.5 mil thick (0.089 mm) Teflon® FEP optically clear, chemically resistant tape was used
to define the 10 mm × 10 mm area. A 10 mil (0.254 mm) Teflon® gasket was placed between the
electrodes to create a total gap of 0.343 mm. Figure 6, shows the Cu chip and graphite plate
electrode assembly.

Figure 6: A picture of the assembled Polytetrafluoroethylene (PTFE) holder, working (copper) and
counter (graphite plate).
The electrodes were submerged into the experimental electrochemical bath and connected to a
VersaSTAT 3 potentiostat or power supply. The Cu chip (working electrode) was connected to the
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negative terminal, while the graphite plate (counter electrode) was connected to the positive
terminal. A saturated calomel electrode was connected to the reference terminal. The reference
electrode measures the potential variations that occur at the working electrode. Figure 7 shows the
assembled electrochemical cell.

Reference
Electrode

Working
Electrode

Electrochemical
Bath

Counter
Electrode

Figure 7: Picture of the fully assembled electrochemical cell.
4.3. Boiling Setup
The pool boiling set up consisted of a copper heater block, the copper test chip, a ceramic
chip insulation, a bottom aluminum plate, a fluid bath and fluid reservoir with a plastic plate
between them, and a fine adjustment stage (Fig. 8). The copper heater was made of a copper 101
alloy block, with 400 W cartridge heaters inserted on each of the four sides. A 10 mm × 10 mm
square pin was machined on the top of the copper heater to ensure that the contact area with the
test chip was limited to a 1 cm2 area. The copper heater sat on a ceramic plate suspended on four
springs to provide uniform pressure as the heater contacts the experimental chip base. Graphite
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electric grease was applied between the heater’s top pin surface and the chip’s bottom surface to
reduce the thermal contact resistance between them. The three vertical equidistance holes
machined on the side of the chip base held Super Omegaclad XL K type thermocouples, to measure
temperature values along the thermal energy flow path on the experimental chip. The
thermocouples were connected to a National Instruments NI-Daq to communicate with a
LabVIEW VI. These measurement values were used to calculate the q″ of the system, as well as
the surface temperature. Because the temperature changes along the flow path were measured on
the chip, the contact resistance between the heater and the chip did not have an effect on the q″
and surface temperature calculations.

Figure 8: Diagram of the cross-sectional view of the pool boiling test system (not to scale).
The test chip was placed inside a ceramic insulation to minimize heat losses. The ceramicchip assembly sat on the base aluminum plate, which was attached to a fine adjustment stage that
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allowed the plate to be moved up and down. During testing this allowed for the contact between
the chip and the heater to break as soon as the system reached CHF, preventing damage to the
system. A clear fused Quartz square tube was placed on the top of the test chip to form the fluid
bath. The Quartz material allowed for bubble behavior visualization during the pool boiling
process. The water reservoir sat on top of a plastic plate that separates it from the bath. This plastic
plate has a hole which allows water from the reservoir to enter the fluid bath as needed. An
aluminum plate sat on top of the water reservoir which holds a submerged Watlow 200 W cartridge
heater used to maintain the water bath at saturation temperature, reducing any heat losses to the
environment. A Super Omega K type thermocouple, used to measure the fluid saturation
temperature was placed inside the water bath. This cartridge heater maintained the fluid at the
desired bulk temperature, as well as kept the fluid degased. A LabVIEW VI was used to record
the temperature along the heater and calculate the q″ and surface temperature.

5. Experimental Methodology
The experimental methodology begins with the manufacturing of the chip after which the
chip is cleaned by an etching process. The cleaned chip is then subjected to the electrodeposition
process and characterized to evaluate the resulting deposition. Once characterization is completed,
the chip surface is tested in the pool boiling system and characterized again to study the pool
boiling effects on the surface.
5.1. Etching
All chips were cleaned by placing them inside a beaker of 6.0 Mole Hydrochloric (HCl)
acid for 3.0 minutes, and then removed and placed in a distilled water bath for 3.0 minutes. It was
then removed and rinsed with distilled water for approximately 30 seconds. The chip was
immediately dried with KimWhipes® to reduce further oxidation of the Cu surface. Figure 9, shoes
the Cu chips before and after the etching process.
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Figure 9: Copper (Cu) chip surface before and after etching.
5.2. Electrodeposition
Once a Cu chip was cleaned, it was placed inside the PTFE holder and Teflon® FEP tape
was used to delineate the working area. PTFE gaskets were placed between the Cu chip and
graphite and bolted together. The Cu chip and graphite were then connected to Cu electrical wire
and the electrochemical bath was prepared. Once the electrochemical bath was ready, the cell was
submerged into the liquid and the Cu electrical wire was connected to the potentiostat. The
reference electrode was also connected to the potentiostat and submerged into the bath. The
potentiostat was run on the chronopotentiometry mode, which passes a constant current through
the system and measures the potential change over time. The electrochemical process was allowed
to run for the desired time, after which the cell was removed from the bath and disassembled. The
Cu chip and graphite electrode were allowed to air dry.
5.3. Boiling
To begin the pool boiling experiments, the test Cu chip was mounted into the pool boiling
setup and distilled water placed in the water bath and reservoir. Once the Cu chip was mounted,
Omegaclad XL K type thermocouples were placed in the 3 equidistance holes in the chip. The
cartridge heater in the reservoir was turned on too heat up and degas the distilled water. Once the
distilled water was fully degased and reached saturation temperature, the chip heaters were turned
23

on and the power supply set to 20 V. The system was allowed to reach steady state after 15 minutes,
then data was recorded for 10 seconds, after the power supply voltage was increased by 5 V and
allowed to reach steady state again. This process was repeated until the system reached CHF. Once
CHF had occurred, the system was cooled down as quickly as possible. After CHF had been halted,
the power supply was turned back on and set to the voltage 10 V below where CHF occurred. The
voltage was decreased in 5 V increments, with 10 second of recording at each steady state. Once
20 V had been reached, the experiment was ended.
5.3.1. Thermocouple Calibration
The thermocouples were calibrated using an Omega CL950 hot point® Calibrator, with an
accuracy of ± 1.5 °F (0.83 °C) ±1 LSD of displayed value. The thermocouples were placed inside
the cell at 25 °C and allowed to reach steady state. The input and measured temperatures was
recorded, then the cells temperature was increased by 25 °C and allowed to reach steady state
again. This process was repeated three times up to 200 °C.
5.4. Characterization
Characterization studies were conducted on the deposited Cu chip surface. An Amray 1830
Scanning Electron Microscope (SEM) at 30 KV potential was used to image the surface of the
tested chips and study the physical characteristics of the surface. SEM imaging uses a beam of
electrons directed at a sample surface to show surface topography and composition as a result of
the electrons interaction with the sample.
Raman spectroscopy was also used to investigate the surface chemistry composition in an
attempt to identify the deposition material. It relies on Raman scattering to measure low frequency
responses of a crystal. A VCA Optima Surface Analysis System was used to measure the
advancing and receding contact angles. This was used to study the surface energy changes due to
the deposition, which is characterized by the wettability of the surface. Hysteresis (Δθ) is the
difference between the advancing and receding contact angles and is characteristic of the liquids
ability to adhere to a surface.
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6. Data Analysis
In order to calculate the q″ of the system the following equation was used:
𝑞″ = −𝑘𝐶𝑢

𝑑𝑇
𝑑𝑥

Equation (1)
𝑑𝑇

𝑑𝑇

In this equation, kCu is the conductivity of copper (Cu) and 𝑑𝑥 is the temperature gradient. 𝑑𝑥 was
calculated using a Taylor Series approximation and assumed 1-D conduction.
𝑑𝑇 3𝑇𝑇 − 4𝑇𝑀 + 𝑇𝐵
=
𝑑𝑥
2∆𝑥1

Equation (2)

T corresponds to the temperature recorded and the subscript denotes the top (T), middle (M), or
bottom (B) thermocouple. Δx1 is the distance between the thermocouples. Figure 10 shows a
diagram of the chip and location of the measured variables. The wall temperature (Tw) is calculated
using the following equation,
𝑇𝑤 = 𝑇𝑇 − 𝑞"

∆𝑥2
𝑘𝐶𝑢

Equation (3)

Figure 10: Copper chip diagram of locations of measured variables
where Δx2 is the distance between the top thermocouple and the surface. The h was calculated by
dividing the q″ by the change in saturation temperature (ΔTsat), as seen in Equation 4.
ℎ=

𝑞"
∆𝑇𝑠𝑎𝑡

Equation (4)

ΔTsat was calculated based upon the room’s atmospheric pressure at the time of the experiment.
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6.1. Error Analysis
In any experiment there is a certain amount of error that occurs. The total uncertainty of a
parameter is the square root of the sum of the squares of the bias and precision errors of the
parameter. Bias error (B) is a systematic error that repeatedly occurs as a result system accuracy
and can be obtained by calculating the variation of the equipment calibration. Precision error (P)
is the result of the inherent variability of the measurement equipment and it is calculated using a
statistical analysis of the recorded data with 95% confidence (2 standard deviations). Uncertainty
can be expressed by the Equation 5,
𝑈𝑦 = √𝐵𝑦2 + 𝑃𝑦2

Equation (5)

where the 𝑈𝑦 is the uncertainty of parameter y. Table 2 shows the sources of bias error. The
precision was calculated by taking the average and two standard deviation of the sample size (10
seconds at 5 Hz) recorded at each given point. Detailed calculation of the error can be found in
Appendix A. Values for q″, h, ΔTsat are calculated using the parameters in Table 2, therefore their
bias error is calculated using partial sums (Appendix A).
Table 2: Sources of error and precision uncertainty values.

The total uncertainty of the q″ and h is shown in Figure 11a and 11b, respectively. The
uncertainty rapidly decreases with increasing q″, leveling out below 10% for q″ above 50 W/cm2
(Fig. 11a). A similar trend is observed in Figure 11b for h, where percent uncertainty decreases
rapidly with increasing h and levels out at approximately 40 KW/m2°C. In both Figure 11a and
11b the highest percent uncertainty calculated was just above 60%, but a significant portion the q″
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and h percent error is below 10%. This study is mainly concerned with higher q″ and h values, and
uncertainty at these regions falls below 10%. A heat loss study was conducted based on Cooke
[64] and was calculated to approximately 5%. The calculated uncertainty for the higher values of
q″ and h (Fig. 11) was higher than that of the calculated heat losses (~5%), therefore heat losses
were neglected.

Figure 11: Percent uncertainty for Chip7-Chip14 {Chip7 (H2O electrochemical bath at 50 mA/cm2
for 3 hours), Chip8 (H2O electrochemical bath at 100 mA/cm2 for 3 hours), Chip9 (H2O
electrochemical bath at 300 mA/cm2 for 3 hours), Chip10 (H2O electrochemical bath at 600
mA/cm2 for 3 hours), Chip11 (CH3CH2OH electrochemical bath at 50 mA/cm2 for 3 hours),
Chip12 (CH3CH2OH electrochemical bath at 100 mA/cm2 for 3 hours), Chip13 (CH3CH2OH
electrochemical bath at 300 mA/cm2 for 3 hours), Chip14 (CH3CH2OH electrochemical bath at
600 mA/cm2 for 3 hours)} of (a) heat flux (q″) and (b) heat transfer coefficient (h).
7. Results and Discussion
7.1. Baseline
A flat, plain Cu chip (Plain) was first studied in order to provide the baseline for which to
compare the enhanced results. SEM images were collected to establish a physical baseline. Figure
12 shows the roughness of the surface but no visible porosity. Contact angle measurements were
also collected, with an advancing contact angle of 104.3° and receding contact angle of 40.1°. The
boiling performance of the Cu chip was investigated and characterized by a CHF of 137.63 W/cm2
with a ΔTsat of 23.37 °C, resulting in a h 58.89 KW/m2°C.
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Figure 12: Scanning Electron Microscope (SEM) image of copper (Cu) Plain surface.
7.2. Preliminary Study Part I
The preliminary results of this study explored the use of acetonitrile (CH3CN), carbon
tetrachloride (CCl4), and Toluene (C7H8) as electrochemical bath solutions at 10% by vol. in 40
mL of distilled water. The initial distance between the Cu and graphite electrode was set to 1 mm
and connected to a power supply. The working area was delineated with Kapton® tape (Fig. 13).

Figure 13: Examples of the delineated area on the chip surface using Kapton® tape.
30 V was initially tested and current fluctuations were observed, Table 3 shows the
deposition parameters. The CH3CN (Chip1) electrochemical bath current fluctuated from 10 mA
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to 20 mA, and testing was allowed to run for 1.5 hours. The CCl4 (Chip2) electrochemical
deposition fluctuated from 60 mA to 2200 mA over a period of 17 minutes, after which the test
was stopped due to power supply overload. For C7H8 (Chip3), current fluctuated from 100 mA to
200 mA over a period of 45 minutes, after which corrosion of the lead stopped the test. The time
changes were due to external factors, but all tests were initially set up for 1.5 hours.
Table 3: Parameters used for deposition onto Chips1-3.

SEM imaging showed the deposition on Chip1 (CH3CN) exhibited larger individual
particles, creating a less porous structure (Fig. 14a). The Chip2 (CCl4) and Chip3 (C7H8)
depositions resulted in small, porous structures. They appear spongy and coral like (Fig. 14b and
Fig. 14c).

Figure 14: SEM image of carbon nano-structure deposition onto copper (Cu) using (a) acetonitrile
(CH3CN), (b) carbon tetrachloride (CCl4), and (c) Toluene (C7H8) at a 10 µm scale.
The non-uniformity of the coatings on Chip1-3 prompted further investigations into the cause of
this issue. Figure 15 is an example of variable covering of the coating present in this study.
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Figure 15: Example of a coating on a test chip.
The contact angle measurements of the deposition indicates the hydrophobicity of the
surface. Table 4 shows the contact angle measurements for the resulting depositions. Chip1 had a
contact advancing angle of 96.5° and receding angle of 60.0°. Chip2 deposition resulted in a
contact advancing angle measurement of 92.3° and receding angle of 34.6°. The Chip3 deposition
resulted in an advancing contact angle of 102.9° and receding angle of 45.5°. Chip1-3 (Table 3)
have a contact angle hysteresis (Δθ) of 36.4°, 57.7°, and 57.4°, respectively.
Table 4: Contact angle measurements for (a) CH3CN (Chip1), (b) CCl4 (Chip2), and (c) C7H8
(Chip3).

The boiling performance of the enhanced surfaces was evaluated under pool boiling
conditions and measurements of the CHF, ΔTsat and h were calculated. Figure 16(a) shows the
CHF values and the corresponding maximum h values obtained. All tested chips for this study
(Chip1-Chip3) reached CHF values below that of the Plain chip, with Chip3 reaching the lowest
CHF value at 110 W/cm2. This corresponds to a CHF reduction of approximately 20%.
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Nevertheless, Chip1-3 obtained higher maximum h, with Chip3 having a maximum h of 83.99
KW/m2°C. Figure 16(b), shows the dissipated qʺ and its corresponding ΔTsat. Chip2 had the lowest
ΔTsat at the beginning of data recording, but also had the highest ΔTsat at time of CFH. Chip1-3 and
Plain performed similarly at a qʺ of approximately 40 W/cm2. After this point, the ΔTsat of Chip3
did not change very much with an increase in qʺ, reaching CFH at a ΔTsat of 13.18 °C.

Figure 16: (a) Pool boiling results and (b) plot comparison of heat flux (q″) and wall superheat
(ΔTsat) for CH3CN (Chips1), CCl4 (Chip2) , C7H8 (Chip3), and Plain.
Figure 17(a), shows qʺ and h being compared at a ΔTsat of 13.18°C. All tested chips
dissipated larger qʺ and achieved larger h than the Plain chip. Chip3 exhibited the best performance
between the tested chips. It obtained a 2.58x h enhancement factor when compared to the Plain
chip. Figure 17(b) shows the measured h at its given q″ plot. Chip3 had a h of approximately 30
KW/m2°C higher than that of the baseline plain chip at a q″ of 110 W/cm2, indicating a 1.43 h
enhancement factor.
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Figure 17: (a) Heat flux (qʺ) and heat transfer (h) coefficient comparison at wall superheat (ΔTsat)
of 13.18 °C and (b) pool boiling plot comparison between heat transfer coefficient (h) and heat
flux (q″) for CH3CN (Chips1), CCl4 (Chip2) , C7H8 (Chip3), and Plain.
While no CHF enhancements were seen with Chip1-3, a h enhancement factor of 2.58 was
recorded, corresponding to almost a 200% improvement over a Plain chip. This high h
enhancement factor resulted from the use of 10% by vol. C7H8 electrochemical bath solution, with
chips exposed to the 10% by vol. CH3CN and CCl4 only achieving 34% and 20% improvement.
From SEM imagery it does not appear the deposition morphology played a role in the enhancement
factor, with both the 20% and ~200% enhancement chips having similar morphologies. This is
further supported by the Δθ of approximately 57° for both chips.
7.3. Preliminary Study Part II
The non-uniform coating of the deposition was determined to be due to the voltage driven
experiments. Therefore, further investigations were subjected to current driven experiments using
a potentiostat. CH3CN (Chip4), dichloromethane (CH2Cl2 or Chip5) and C7H8 (Chip6)
electrochemical bath solutions were tested. All electrochemical solutions were 10% by vol. in 40
mL of distilled water. CH3CN was the only solvent tested that as miscible in water. CH2Cl2 and
C7H8 solutions separated after mixing, creating two distinct layers. This resulted in the solvent
settling on the bottom of the bath and exposing only the bottom of the graphite electrode to the
solvent. A current density of 300 mA/cm2 was used during the deposition process for all three
electrochemical solutions. Voltage fluctuations were observed above 5 V. See Table 5 for details
regarding deposition parameters.
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Table 5: Deposition parameters for Chip4-6.

The boiling performance was again evaluated for the deposited surfaces and characterized
by CFH, ΔTsat, h. While all three chips (Chip4-6) resulted in lower that baseline CHF enhancement
factors (Fig. 18(a)), Chip4 and Chip5 were even lower than Chip1-3 (Fig. 16(a)). Chip5 reached
the lowest CHF and maximum h, at 55.96 W/cm2 and 34.48 KW/m2°C, respectively. Figure 18(b)
shows the pool boiling curve comparison of Chip4-6 and Plain. There is little deviation in the
boiling performance of the test chips as compared to the plain chip.

Figure 18: (a) Pool boiling results and (b) comparison plot of heat flux (q″) and wall superheat
(ΔTsat) for CH3CN (Chips4), CH2Cl2 (Chip5), C7H8 (Chip6) and Plain.
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The q″ and h enhancement factor were calculated at a ΔTsat of 16.23 °C (Fig. 19(a)). Chip6
had the highest h enhancement factor of 1.25, while Chip5 performed worse that Plain. Chip4 and
Chip6 had similar performance, with h enhancement factors of 1.21 and 1.25, respectively. Figure
19(b) illustrates the relationship between h and q″ for Chip4-6, and shows that the chips did not
perform drastically different from the Plain chip.

Figure 19: (a) Heat flux (qʺ) and heat transfer coefficient (h) comparison at wall superheat (ΔTsat)
of 16.23 °C and (b) pool boiling plot comparison between heat transfer coefficient (h) and heat
flux (q″) for CH3CN (Chips4), CH2Cl2 (Chip5), C7H8 (Chip6) and Plain.
Boiling results from preliminary study I and II showed that the chip exposed to the C7H8
electrochemical bath had the highest h enhancement factor for voltage and current density driven
experiments. However, CHF was lower than that of a Plain chip for both cases. Since C7H8 is
immiscible in water, only distilled water was in contact with both electrodes (graphite plate and
Cu chip) during the electrodeposition process. This prompted a need to study a distilled water
electrochemical bath. In addition, another miscible solvent, ethanol (CH3CH2OH) was studied.
7.4. Primary Study
Two electrochemical bath solutions were used for the primary study, pure distilled water
(H2O) bath and 10% by vol. ethanol (CH3CH2OH) in a 40 mL bath. Four different current densities
were investigated; 50 mA/cm2, 100 mA/cm2, 300 mA/cm2, and 600 mA/cm2. Three different
deposition times were also studied; 45 minutes, 1.5 hours, and 3 hours. Finally, two graphite
electrode conditions were evaluated; a “clean”, unsubmerged graphite electrode, and a
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preconditioned graphite electrode, submerged in CH2Cl2. To reduce the potential requirements
during electrodeposition the gap between the electrodes was changed from 1 mm to 0.343 mm.
7.4.1. Current Density Study
Four current densities were investigated for both electrochemical bath solutions. Table 6
shows the H2O and CH3CH2OH electrochemical bath parameters. All depositions occurred over a
3 hour period. Contact angle measurements including the advancing, receding contact angles and
their Δθ were collected and shown in Table 7.
Table 6: Parameter used for current density study depositions for both H2O (Chip7-10) and
CH3CH2OH (Chip11-14).

Chip9 had the largest Δθ value, indicating that the surface had the most hydrophobic
characteristics of Chips7-14 (Table 7). Chips that were exposed to the H2O electrochemical bath
showed overall greater Δθ than chips exposed to the CH3CH2OH electrochemical bath. Chip11
exhibited the lowest Δθ value (56.8°), nearly 50% lower than Chip9 (108.5°).
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Table 7: Contact angle measurements for current density study using H2O electrochemical bath at
50 mA/cm2 (Chip7), 100 mA/cm2 (Chip8), 300 mA/cm2 (Chip9), 600 mA/cm2 (Chip10), and
CH3CH2OH electrochemical bath at 50 mA/cm2 (Chip11), 100 mA/cm2 (Chip12), 300 mA/cm2
(Chip13), 600 mA/cm2 (Chip14).

Figure 20(a) shows that the H2O electrochemical bath resulted in Chip7 and Chip8CHF
enhancement factors below that of the Plain chip. Chips9-14 (Table 6) all had higher CHF
enhancement factors then baseline, with the best performing chip (Chip11) resulting in a nearly
200% improvement in CHF at 269.10 W/cm2. Chip13 (CH3CH2OH electrochemical bath at 300
mA/cm2 current density) reached the highest hMax, 119.05 KW/m2°C, but the second highest CHF.
Overall, it appears that the CH3CH2OH electrochemical bath improved pool boiling performance
more than the H2O electrochemical bath. Figure 20(b) displays the boiling curve for Chip7-10
(Table 6) and shows a shift in the ΔTsat toward lower values at higher q″ as compared to the Plain
chip. Figure 20(c) shows the boiling curve for Chip11-14 (Table 6), and in particular shows that
Chip11 was able to dissipate almost 269 W/cm2 at approximately 23 °C. These results indicate
that conclusions cannot be drawn from Δθ, since Chip9 and Chip11 both performed well but have
vastly different Δθ (Table 7).
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Figure 20: Shows (a) pool boiling results for H2O electrochemical bath at 50 mA/cm2 (Chip7), 100
mA/cm2 (Chip8), 300 mA/cm2 (Chip9), 600 mA/cm2 (Chip10), and for CH3CH2OH
electrochemical bath at 50 mA/cm2 (Chip11), 100 mA/cm2 (Chip12), 300 mA/cm2 (Chip13), 600
mA/cm2 (Chip14), (b) pool boiling curves for H2O electrochemical bath at 50 mA/cm2 (Chip7),
100 mA/cm2 (Chip8), 300 mA/cm2 (Chip9), 600 mA/cm2 (Chip10), and (c) pool boiling curves
for CH3CH2OH electrochemical bath at 50 mA/cm2 (Chip11), 100 mA/cm2 (Chip12), 300 mA/cm2
(Chip13), 600 mA/cm2 (Chip14).
Figure 21(a) shows that Chip10 (H2O electrochemical bath at 600 mA/cm2 current density)
reached the highest qʺ (166.71 W/cm2) at a ΔTsat of 15.65 °C. This ΔTsat was used to compare h
enhancements for chips exposed to the H2O electrochemical bath. Chip10 obtained a h
enhancement factor of 2.95, which is 100% greater than the next best performing chip (Chip7,
H2O electrochemical bath at 50). Chip7-10 (Table 6) all showed a h enhancement factor greater
than 1.64. The boiling curve shown in Figure 21(b) shows that Chip9 dissipated approximately
210 W/cm2, with a h of roughly 104 KW/m2°C. Also, that Chip7-8 did not dissipate higher qʺ than
the Plain chip, but did so at higher h. The qʺ and h for Chip11-14 are shown in Figure 21(c) at a
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ΔTsat of 21.23 °C. At this ΔTsat, the highest qʺ was 252.68 W/cm2 for Chip13 with a h of 119.05
KW/m2°C. Chip11 results were very close to Chip13. Chip11-14 (Table 6) had higher h
enhancement factors than Chip7-9, but Chip10 had the largest h enhancement factor for all chips
in this study. Chip11-14 all reached higher qʺ than the Plain chip with greater h (Fig. 21(d)).

Figure 21: (a) Heat transfer coefficient (h) comparison for H2O electrochemical bath at 50 mA/cm2
(Chip7), 100 mA/cm2 (Chip8), 300 mA/cm2 (Chip9), 600 mA/cm2 (Chip10), (b) heat transfer
coefficient (h) vs. heat flux (qʺ) for H2O electrochemical bath Chip7-10, (c) heat transfer
coefficient (h) comparison for CH3CH2OH electrochemical bath at 50 mA/cm2 (Chip11), 100
mA/cm2 (Chip12), 300 mA/cm2 (Chip13), 600 mA/cm2 (Chip14), and (d) heat transfer coefficient
(h) vs. heat flux (qʺ) for CH3CH2OH electrochemical bath Chip11-14.

SEM images were collected for Chip7-14 (Table 6) to help characterize the deposition
surface. Figure 22(a-d) shows images of the Chip7-10 surfaces and indicates that there was no
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change to the surface profile and any deposition that occurred can be assumed to be uniform.
Additional SEM images can be found in Appendix B. Figure 23 is a picture of a chip after
deposition and also illustrates the uniformity of the coatings. Figures 22 and 23 both suggest that
the coating on the chip surface morphs to the topography of the base substrate leaving it unaltered.

Figure 22: Scanning Electron Microscope (SEM) images for H2O electrochemical bath at (a) 50
mA/cm2 (Chip7), (b) 100 mA/cm2 (Chip8), (c) 300 mA/cm2 (Chip9), (d) 600 mA/cm2 (Chip10).
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Figure 23: Example of a chip after deposition.
Raman and Fourier transform infrared spectroscopy (FTIR) data was collected to try and
identify the coating composition. The data proved inconclusive, and further investigation is
necessary. Appendix C contains these data.
7.4.2. Electrodeposition Time Study
To gain a better understanding of the effect that deposition time had on chip coatings, test
chips were immersed in either the H2O or CH3CH2OH electrochemical baths for times of 45
minutes, 1.5 hours, and 3 hours. The current density was selected based upon the previous study
results that identified the highest CHF obtained between the H2O and CH3CH2OH deposited chips.
300 mA was selected for the H2O electrochemical bath and 50 mA for the CH3CH2OH. Table 8
provides details of the deposition parameters.
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Table 8: Parameter used for electrodeposition time study for both H2O (Chip15-17) and
CH3CH2OH (Chip18-20).

Chip16 (Table 8) reached the highest CHF of the chips tested in this study, 219.17 W/cm2,
as well as the highest hMax of 110.67 KW/m2°C (Fig. 24(a)), this chip was exposed to the H2O
electrochemical bath. The second highest CHF resulted from the boiling of Chip20 (Table 8),
which was exposed to the CH3CH2OH electrochemical bath. The plot of the boiling curve for
Chip15-17 (Table 8) in Figure 24(b) shows that Chip16 reached the highest q″ at the lowest ΔTsat.
Figure 24(b) also shows that Chip15-17 resulted in lower ΔTsat at higher q″ than the Plain chip.
Figure 24(c) shows that the boiling performances of Chip17-20 (Table 8) are very similar, and all
resulted in improved performance over the Plain chip. These results suggest that H2O (Fig. 24(b))
electrochemical bath depositions CHF results are more sensitive to the deposition time when
compared to the CH3CH2OH (Fig. 24(c)) electrochemical baths.
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Figure 24: Shows (a) pool boiling results for H2O electrochemical bath at 300 mA/cm2 for 45 min
(Chip15), 1.5 hours (Chip16), 3 hours (Chip17), and for CH3CH2OH electrochemical bath at 50
mA/cm2 for 45 min (Chip18), 1.5 hours (Chip19), 3 hours (Chip20), (b) pool boiling curve for
H2O electrochemical bath at 300 mA/cm2 for 45 min (Chip15), 1.5 hours (Chip16), 3 hours
(Chip17), and (c) pool boiling curve for CH3CH2OH electrochemical bath at 50 mA/cm2 for 45
min (Chip18), 1.5 hours (Chip19), 3 hours (Chip20).
At a ΔTsat of 19.80 °C, Chip16 (Table 8) dissipated a q″ of 219.17 W/cm2, the highest of
all the chips that were exposed to the H2O bath (Fig. 25(a)). Chip16 also resulted in the highest h
enhancement factor of all chips tested in this study, 2.55. The boiling curve of Chip15-17, shown
in Figure 25(b), demonstrates that the three chips reached higher q″ then a Plain chip. Boiling
performance of Chip18 and Chip 20 resulted in near identical results for all parameters at a ΔTsat
of 21.23 °C (Fig. 25(c)). The boiling curve of Chip18-20 shows that the boiling performance was
very similar up to approximately 120 W/cm2, after which the data points begin to scatter (Fig.
25(d)). Results shows that the h was not significantly affected by the deposition time for both
electrochemical bath solutions.
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Figure 25: (a) Heat transfer coefficient (h) comparison for H2O electrochemical bath at 300
mA/cm2 for 45 min (Chip15), 1.5 hours (Chip16), 3 hours (Chip17), (b) heat transfer coefficient
(h) vs. heat flux (qʺ) for H2O electrochemical bath Chip15-17, (c) heat transfer coefficient (h)
comparison for CH3CH2OH electrochemical bath at 50 mA/cm2 for 45 min (Chip18), 1.5 hours
(Chip19), 3 hours (Chip20), and (d) heat transfer coefficient (h) vs. heat flux (qʺ) for CH3CH2OH
electrochemical bath Chip18-20.
7.4.3. Electrode Study
A study was conducted to ascertain the reason for deposition occurring with only H2O as
an electrochemical bath solution. It would be expected that when pure water is used as a bath
solution that there not be any deposited coating onto the Cu substrate. Due to the unexpected
performance of these chips, further investigation was directed at the graphite electrode. It was
hypothesized that the exposure of the graphite electrode to solvents in prior experiment may have
saturated the graphite plate electrode. Therefore a study using a “clean” and exposed graphite plate
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electrode was conducted. The exposed electrode was submerged into CH2Cl2 before the
electrochemical deposition process. Table 9 shows the deposition parameters.
Table 9: Parameter used for deposition time study for both H2O (Chip21-22) and CH3CH2OH
(Chip23-24).

Figure 26(a) displays the boiling performance of Chip21-22 and Chip25-26 (Table 9).
Chip22 and Chip26 had very close boiling results, and the graphite electrode was exposed to the
CH2Cl2 before both depositions. Chip22 had a CHF enhancement factor over 200% greater than
that of Chip21, these were H2O electrochemical bath depositions. Chip26 had only a slightly higher
CHF enhancement factor over Chip25, which were both exposed to the CH3CH2OH
electrochemical bath solution. Figure 26(b) shows the boiling curve of Chip21-22 and clearly
shows the difference in the boiling performance of the chips. Figure 26(c) on the other hand shows
that the boiling performance of Chip25 and Chip26 is similar up to a ΔTsat of approximately 20 °C,
after which Chip26 has a much better performance.
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Figure 26: Shows (a) pool boiling results for H2O electrochemical bath at 300 mA/cm2 for clean
electrode (Chip21) and CH2Cl2 submerged electrode (Chip22), and CH3CH2OH electrochemical
bath at 50 mA/cm2 for clean electrode (Chip25) and CH2Cl2 submerged electrode (Chip26), (b)
pool boiling curve for H2O electrochemical bath at 300 mA/cm2 for Chip21-22, and (c) pool
boiling curve for CH3CH2OH electrochemical bath at 50 mA/cm2 Chip25-26.
At a specific ΔTsat of 16.61 °C, Chip21 reached at q″ of 66.35 W/cm2, while Chip22 nearly
doubled the q″, reaching 117.89 W/cm2 (Fig. 27(a)). Chip 22 also had a h enhancement factor
increase of approximately 80%. The difference in pool boiling performance is further illustrated
by Figure 27(b), where Chip22 shows much higher q″ at corresponding h. Chip26 dissipated a q″
of 181.20 W/cm2 at a ΔTsat of 21.54 °C however, it had a lower h enhancement factor that Chip22
(Fig. 27(c)). The boiling curves for Chip25-26 appear to be similar until around 150 W/cm2, where
they separate (Fig. 27(d)).
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Figure 27: (a) Heat transfer coefficient (h) comparison for H2O electrochemical bath at 300
mA/cm2 for clean electrode (Chip21) and CH2Cl2 submerged electrode (Chip22), (b) heat transfer
coefficient (h) vs. heat flux (qʺ) for H2O electrochemical bath Chip21-22, (c) heat transfer
coefficient (h) comparison for CH3CH2OH electrochemical bath at 50 mA/cm2 for clean electrode
(Chip25) and CH2Cl2 submerged electrode (Chip26), and (d) heat transfer coefficient (h) vs. heat
flux (qʺ) for CH3CH2OH electrochemical bath Chip25-26.
7.4.4. Repeatability and Hysteresis of Coating
To assess the repeatability of this study, a chip from the H2O and CH3CH2OH
electrodeposition process was selected and the full experimental process was conducted. Boiling
performance was compared for Chip9 and Chip17. Figure 28(a) shows the qʺ and ΔTsat plot, and
indicates that Chip9 appears to have lower ΔTsat at corresponding qʺ. The boiling curve of Chip11
and Chip20 shows more similar ΔTsat at corresponding qʺ, indicating the use of CH3CH2OH as the
electrochemical bath solution has a higher repeatability for dissipated qʺ (Fig. 28(b)). When the
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repeatability of the H2O and CH3CH2OH are analyzed in terms of the relationship between the h
and qʺ there is less discrepancy (Fig. 29(a) and (b)).

Figure 28: (a) Repeatability plot of heat flux (qʺ) vs. wall superheat (ΔTsat) H2O electrochemical
bath at 300 mA/cm2 with a deposition time of 3 hours (Chip9-try 1, Chip17-try 2), (b) repeatability
plot of heat flux (qʺ) vs. wall superheat (ΔTsat) for the CH3CH2OH electrochemical bath at 50
mA/cm2 with a deposition time of 3 hours (Chip11-try 1, Chip20-try 2).

Figure 29: (a) Repeatability plot of heat transfer coefficient (h) vs. heat flux (qʺ) for H2O
electrochemical bath at 300 mA/cm2 with a deposition time of 3 hours (Chip9-try 1, Chip17-try
2), (b) repeatability plot of heat transfer coefficient (h) vs. heat flux (qʺ) for the CH3CH2OH
electrochemical bath at 50 mA/cm2 with a deposition time of 3 hours (Chip11-try 1, Chip20-try
2).
The hysteresis of a surface is analyzed in order to determine if there is variability when
heat is being input at increasing rates versus decreasing. The boiling curve showing the change in
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hysteresis for the H2O (Fig. 30(a)) and CH3CH2OH (Fig. 30(b)) exposed chips shows that there is
no significant variability as heat is input or decreased from the system.

Figure 30: (a) Hysteresis plot of heat flux (qʺ) and wall superheat (ΔTsat) for Chip10 (H2O) and
Chip13 (CH3CH2OH), and (b) hysteresis plot of heat transfer coefficient (h) and heat flux (qʺ) for
Chip10 (H2O) and Chip13 (CH3CH2OH).
7.4.5. Surface Degradation Results
To study the degradation of the surface due to pool boiling exposure, Chip15, Chip23, and
Chip25 were tested twice, until CHF was reached. Table 10 shows the results of these pool boiling
runs and compares them. The results show a decrease in CHF for all three chips tested. However,
the h was not affected. The results show an increase in h of up to 6.5%, which is well within
uncertainty. The maximum uncertainty of h was 8.5% (Table 10). The boiling performance plots
(Fig. 31) also show that the boiling performance discrepancies were not very significant.
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Table 10: Pool boiling results for Chip15, Chip23, and Chip25, with Run1 corresponding to the
first boiling test up to critical heat flux (CHF) after deposition and Run2 corresponds to the boiling
test run after Run1.

Figure 31: Boiling curve of (a) heat flux (qʺ) and wall superheat (ΔTsat) for Chip15, Chip23, and
Chip 25, with Run1 tested up too critical heat flux (CHF) after deposition and Run2 was run after
Run1. Boiling curve of (b) heat transfer coefficient (h) and heat flux (qʺ) for Chip15, Chip23, and
Chip 25, with Run1 tested up too critical heat flux (CHF) after deposition and Run2 was run after
Run1.
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7.4.6. Surface Roughness
A laser confocal microscope (LCM) was used to measure the surface roughness of the
chip coatings. The arithmetic average (Ra) was recorded and compared to the CHF, as seen in
Figure 32. No correlation can be seen between these two variables and therefore no conclusive
information can be drawn from Ra measurements.

Figure 32: Bar chart of surface roughness (Ra) and plot critical heat flux (CHF) for Chip7 (H2O
electrochemical bath at 50 mA/cm2 for 3 hours), Chip8 (H2O electrochemical bath at 100 mA/cm2
for 3 hours), Chip9 (H2O electrochemical bath at 300 mA/cm2 for 3 hours), Chip10 (H2O
electrochemical bath at 600 mA/cm2 for 3 hours), Chip11 (CH3CH2OH electrochemical bath at
50 mA/cm2 for 3 hours), Chip12 (CH3CH2OH electrochemical bath at 100 mA/cm2 for 3 hours),
Chip13 (CH3CH2OH electrochemical bath at 300 mA/cm2 for 3 hours), Chip14 (CH3CH2OH
electrochemical bath at 600 mA/cm2 for 3 hours), Chip15 (H2O electrochemical bath at 300
mA/cm2 for 45 min), Chip16 (H2O electrochemical bath at 300 mA/cm2 for 1.5 hours), Chip17
(H2O electrochemical bath at 300 mA/cm2 for 3 hours), Chip18 (CH3CH2OH electrochemical bath
at 50 mA/cm2 for 45 min), Chip19 (CH3CH2OH electrochemical bath at 50 mA/cm2 for 3 hours),
and Chip20 (CH3CH2OH electrochemical bath at 50 mA/cm2 for 3 hours)
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8. Conclusion
This study clearly shows that enhancement to Cu pool boiling surfaces can be achieved
through an electrodeposition process using a graphite plate as a counter electrode. It is critical the
graphite electrode is exposed to a solvent prior to or during the electrodeposition process. When
the graphite electrode is only exposed to a solvent prior to the electrodeposition process, the
deposition time is important. When the graphite electrode is exposed to the solvent during the
electrodeposition process the deposition time is less of a factor. Current density variations affect
the uniformity of the surface coating, giving preference to current driven over voltage driven
processes.


The highest critical heat flux (CHF) obtained was 269 W/cm2, with a electrochemical bath
of ethanol (CH3CH2OH), at 50 mA/cm2 current density for 3 hours, resulting in almost a
100% enhancement of Plain chip CHF.



The highest heat transfer coefficient (h) enhancement was obtained with Chip10, resulting
in almost 200% enhancement over the Plain chip. The Chip10 surface deposition was
obtained using the graphite electrode previously submerged in the CH2Cl2 solution. The
electrochemical bath used was H2O with a current density of 600 mA/cm2 for 3 hours.



The results of this deposition technique appear to have a lack of morphological effect on
the surface.



The contact angle hysteresis (Δθ) results are inconclusive, with good performance being
achieved by surfaces with both lower and higher than 90° Δθ.



After a boiling surface has reached CHF, a second run of the chip resulted in lower CHF
but no h performance changes.
The use of electrochemistry for boiling surface enhancement has been previously studied.

However, this study successfully found a new surface boiling enhancement mechanism utilizing
electrochemistry. The electrochemistry method used in this study gives rise to new questions of
the electrochemical mechanisms involved, further opening this field of study. Additionally, the
success of this study in improving boiling performance provides new avenues of multidisciplinary
research in the field of boiling heat transfer.

51

9. Future Work
The full potential of this research to improve boiling heat transfer has not yet been utilized
to its maximum capabilities. Future work should be directed at conclusively identifying the
composition of the deposited coating. Also, further investigation into the use of other solvents for
electrochemical bath solutions, especially Toluene (C7H8), is recommended. A more in-depth
understanding of the underlying electrochemical mechanism is necessary to fully explain the
achieved enhancement.
The extent to which this mechanism enhances boiling performance needs to be better
understood. Bubble behavior of these enhanced surfaces should be analyzed to better understand
the heat transfer mechanism and enhancement of these surfaces. Additional investigations should
look at using this electrochemical technique in conjunction with other surface enhancements such
as microchannels, porous structures, pins and fins. While this study explored pool boiling
applications, research into the possible enhancements to flow boiling applications would also be
recommended.
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Appendix A
Error Calculations
First the temperature change along the z-axis is calculated using a 3 point backward Taylor Series
approximation.
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2

2

2

(3 ∗ 𝑈𝑇𝑇 ) + (−4 ∗ 𝑈𝑇𝑀 ) + (𝑈𝑇𝐵 )
𝑈𝑥1 2
√
= (
) + (−
)
𝑑𝑇
(3𝑇𝑇 − 4𝑇𝑀 + 𝑇𝐵 )2
𝑥1
𝑑𝑥
𝑑𝑥

After calculating the temperature difference, the heat flux is calculated using the following𝑞" = −𝑘𝐶𝑢

𝑑𝑇
𝑑𝑥
2
2

𝜕𝑞"
𝜕𝑞"
2
(
) ∗ 𝑈𝑘2𝐶𝑢 + ( 𝑑𝑇) ∗ 𝑈𝑑𝑇
√ 𝜕𝑘𝐶𝑢
𝑑𝑥
𝜕
𝑈𝑞"
𝑑𝑥
=
(𝑞")2
𝑞"
𝜕𝑞"
𝑑𝑇
𝑞"
=−
=
𝜕𝑘𝐶𝑢
𝑑𝑥 𝑘𝐶𝑢
𝜕𝑞"
𝑞"
= −𝑘𝐶𝑢 =
𝑑𝑇
𝑑𝑇
𝜕
𝑑𝑥
𝑑𝑥
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2
2

𝑞"
𝑞"
2
( ) ∗ 𝑈𝑘2𝐶𝑢 + ( 𝑑𝑇 ) ∗ 𝑈𝑑𝑇
√ 𝑘𝐶𝑢
𝑑𝑥
𝑈𝑞"
𝑑𝑥
=
(𝑞")2
𝑞"

2

𝑈𝑑𝑇

2

𝑈𝑘
𝑈𝑞"
= √( 𝐶𝑢 ) + ( 𝑑𝑥 )
𝑑𝑇
𝑞"
𝑘𝐶𝑢
𝑑𝑥
After calculating the heat flux, the next step is to calculate the chip’s wall temperature.
𝑇𝑤 = 𝑇𝑇 − 𝑞"

𝑈𝑇𝑤
𝑇𝑤

𝑥2
𝑘𝐶𝑢

𝜕𝑇 2
𝜕𝑇 2
𝜕𝑇 2
𝜕𝑇 2
2
( 𝑤 ) ∗ 𝑈𝑇2𝑇 + ( 𝑤 ) ∗ 𝑈𝑞"
+ ( 𝑤 ) ∗ 𝑈𝑥22 + ( 𝑤 ) ∗ 𝑈𝑘2𝐶𝑢
𝜕𝑞"
𝜕𝑥2
𝜕𝑘𝐶𝑢
√ 𝜕𝑇𝑇
=
2
(𝑇𝑤 )

𝜕𝑇𝑤
𝑇𝑤
=1=
𝜕𝑇𝑇
𝑇𝑤
𝜕𝑇𝑤
𝑥2
𝑇𝑤 𝑥2
=−
=−
𝜕𝑞"
𝑘𝐶𝑢
𝑇𝑤 𝑘𝐶𝑢
𝜕𝑇𝑤
𝑞"
𝑇𝑤 𝑞"
=−
=−
𝜕𝑥2
𝑘𝐶𝑢
𝑇𝑤 𝑘𝐶𝑢
𝜕𝑇𝑤
𝑥2
𝑇𝑤
𝑥2
= −𝑞"
= − 𝑞"
2
𝜕𝑘𝐶𝑢
𝑇𝑤 𝑘𝐶𝑢 2
𝑘𝐶𝑢
2

𝑈𝑇𝑤
=
𝑇𝑤

𝑇 2
𝑇 𝑥 2
𝑇 𝑞" 2
𝑇
𝑥
2
(𝑇𝑤 ) ∗ 𝑈𝑇2𝑇 + (− 𝑇𝑤 2 ) ∗ 𝑈𝑞"
+ (− 𝑇𝑤
) ∗ 𝑈𝑥22 + (− 𝑇𝑤 𝑞" 2 2 ) ∗ 𝑈𝑘2𝐶𝑢
𝑘
𝑘
√ 𝑤
𝑤 𝐶𝑢
𝑤 𝐶𝑢
𝑤
𝑘𝐶𝑢
(𝑇𝑤 )2
2

𝑈𝑘 𝑞"𝑥2
𝑈𝑇𝑤
𝑈𝑇𝑇 2
𝑈𝑥2 𝑞" 2
𝑈𝑞" 𝑥2 2
√
= (
) + (−
) + (−
) + (− 𝐶𝑢
)
𝑇𝑤
𝑇𝑤
𝑇𝑤 𝑘𝐶𝑢
𝑇𝑤 𝑘𝐶𝑢
𝑇𝑤 𝑘𝐶𝑢 2
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Now determining wall superheat∆𝑇𝑠𝑎𝑡 = 𝑇𝑤 − 𝑇𝑠𝑎𝑡

𝑈∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡

𝜕∆𝑇𝑠𝑎𝑡 2
𝜕∆𝑇𝑠𝑎𝑡 2
(
) ∗ 𝑈𝑇2𝑤 + (
) ∗ 𝑈𝑇2𝑠𝑎𝑡
𝜕𝑇𝑠𝑎𝑡
√ 𝜕𝑇𝑤
=
(∆𝑇𝑠𝑎𝑡 )2

𝜕∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
=1=
𝜕𝑇𝑤
∆𝑇𝑠𝑎𝑡
𝜕∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
= −1 = −
𝜕𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡

𝑈∆𝑇𝑠𝑎𝑡 √
=
∆𝑇𝑠𝑎𝑡

2
2
∆𝑇
∆𝑇
(∆𝑇𝑠𝑎𝑡 ) ∗ 𝑈𝑇2𝑤 + (− ∆𝑇𝑠𝑎𝑡 ) ∗ 𝑈𝑇2𝑠𝑎𝑡
𝑠𝑎𝑡

𝑠𝑎𝑡

(∆𝑇𝑠𝑎𝑡 )2

𝑈∆𝑇𝑠𝑎𝑡
𝑈𝑇𝑤 2
𝑈𝑇𝑠𝑎𝑡 2
= √(
) + (−
)
∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
Finally, finding the heat transfer coefficientℎ=

𝑞"
∆𝑇𝑠𝑎𝑡

𝜕ℎ 2
𝜕ℎ 2
2
(
)
∗
𝑈
+
(
) ∗ 𝑈∆𝑇𝑠𝑎𝑡 2
𝑞"
𝑈ℎ √ 𝜕𝑞"
𝜕∆𝑇𝑠𝑎𝑡
=
(ℎ)2
ℎ
𝜕ℎ
1
ℎ
=
=
𝜕𝑞" ∆𝑇𝑠𝑎𝑡 𝑞"
𝜕ℎ
𝑞"
ℎ
=−
=−
2
𝜕∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
∆𝑇𝑠𝑎𝑡
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ℎ 2
ℎ 2
2
2
(
)
∗
𝑈
+
(−
𝑞"
𝑈ℎ √ 𝑞"
∆𝑇𝑠𝑎𝑡 ) ∗ 𝑈∆𝑇𝑠𝑎𝑡
=
(ℎ)2
ℎ
𝑈∆𝑇𝑠𝑎𝑡 2
𝑈𝑞" 2
𝑈ℎ
= √( ) + (−
)
ℎ
𝑞"
∆𝑇𝑠𝑎𝑡
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Appendix B
Scanning Electron Microscope (SEM) images of test chips.

Figure 33: Scanning Electron Microscope (SEM) images of chip surfaces exposed to H2O
electrochemical bath and current densities of (a) 50 mA/cm2, (b) 100 mA/cm2, (c) 300 mA/cm2,
and (d) 600 mA/cm2.
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Figure 34: Scanning Electron Microscope (SEM) images of chip surfaces exposed to the; H2O
electrodeposition bath at a current density of 300 mA/cm2 for a duration of (a) 45 minutes, (b) 1.5
hours, and (c) 3 hours; chip surfaces exposed to CH3CH2OH electrodepositon bath at current
density of 50 mA/cm2 for a duration of (d) 45 minutes, (e) 1.5 hours, and (f) 3 hours.
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Appendix C

Figure 35: Raman spectra of a plain copper (Cu) chip.
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Figure 36: Raman spectra of chips exposed to the H2O electrochemical bath at current densities of
(a) 50 mA/cm2, (b) 100 mA/cm2, (c) 300 mA/cm2, and (d) 600 mA/cm2.
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Figure 37: Raman spectra of chips exposed to the CH3CH2OH electrochemical bath at current
densities of (a) 50 mA/cm2, (b) 100 mA/cm2, (c) 300 mA/cm2, and (d) 600 mA/cm2.

Figure 38: Raman spectra of chips exposed 300 mA/cm2 H2O electrochemical bath for (a) 45
minutes, (b) 1.5 hours, and (c) 3 hours.
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Figure 39: Raman spectra of chips exposed 50 mA/cm2 CH3CH2OH electrochemical bath for (a)
45 minutes, (b) 1.5 hours, and (c) 3 hours.

Figure 40: Fourier transform infrared spectroscopy (FTIR) of chips exposed to the H2O
electrochemical bath at current densities of (a) 50 mA/cm2, (b) 100 mA/cm2, (c) 300 mA/cm2, and
(d) 600 mA/cm2.
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Figure 41: Fourier transform infrared spectroscopy (FTIR) of chips exposed to the CH3CH2OH
electrochemical bath at current densities of (a) 50 mA/cm2, (b) 100 mA/cm2, (c) 300 mA/cm2, and
(d) 600 mA/cm2.
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